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Introduction
Methanol is a wood alcohol that is a clear and colorless liquid with a mild alcoholic odor. It is an additive found in many commercial products including antifreeze, windshield cleaner, paint thinner and rubbing alcohol [1] . Methanol intoxication can result in significant morbidity and mortality in the emergency patient population [2, 3] . Approximately 2,283 possible methanol exposures were reported to poison control centers in the United States in 2007 [4] . Although routes of entry into the body include inhalation and dermal absorption, most methanol intoxications result from oral ingestion [5] . After ingestion, methanol is quickly metabolized to formaldehyde and subsequently oxidized to formic acid. Formic acid is responsible for most of the known adverse effects of methanol ingestion, including metabolic acidosis, ocular toxicity, and neurological disturbances such as coma and convul-Zardasht Jaff et al., Methanol and ECGs sions [1] . In severe cases, methanol intoxication can progress to multi-organ failure and death.
Currently, there are limited data on the ECG manifestations associated with methanol intoxication. Previous reports have documented changes in axis, non-specific T-wave changes, minor changes in QRS complexes and prolongation of the QT c interval [6] [7] [8] .
Given the paucity of reported cases in the literature, no systematic ECG analysis in this patient population has been published to date. Additionally, no correlation between ECG changes and metabolic acidosis has been reported. The aim of this study is to report all methanol intoxications occurring in a single center and to describe their impact on the ECG.
Methods

Study description
A retrospective study was conducted among patients presenting with methanol intoxication to determine ECG changes and their relation to methanol levels, pH, anion and osmolar gaps. Methanol intoxication was defined as a plasma methanol concentration greater than 6.2 mmol/L [9] .
Study population
Patients included in this study were ≥ 18 years of age with at least one plasma methanol concentration greater than 6.2 mmol/L obtained during the course of hospitalization at Kingston General Hospital between 2006 and 2011. The electronic charts were reviewed and baseline clinical information including demographics, medical history and medications were obtained. Patients with established cardiovascular disease were excluded to minimize potential confounding of ECG changes.
Exclusion criteria included patients with a history of myocardial infarction, dilated ischemic or non--ischemic cardiomyopathy, persistent or permanent atrial fibrillation or atrial flutter, and patients who underwent percutaneous coronary intervention or aortocoronary bypass within the past 6 months or had an intracardiac device.
Data analysis
Available ECGs which obtained closest to peak methanol concentrations were analyzed for abnormalities including non-sinus rhythm, changes in waveform amplitude or shape, ST-segment changes, T-wave changes, and/or changes in PR, QRS and QT c intervals. Statistical analysis of demographic and laboratory data was performed by determining their mean and standard deviations. A cardiac electrophysiologist (AB) reviewed available ECGs both during the intoxication and after resolution for evidence of reversibility. This study was approved by the Queen's Health Sciences Research Ethics Board.
Results
Clinical characteristics of the study population are summarized in Table 1 . Nine patients with a mean age of 45 years were included in the analysis. All patients ingested methanol orally with windshield washer fluid being the most common source. All patients presented to hospital between < 1 to 25 h after ingestion. The mean plasma methanol concentration on admission was 49.8 mmol/L. The mean pH, anion gap and osmolar gap on admission were 7.20, 20.45 and 48.6, respectively (Table 2) .
ECG changes are summarized in (Table 3) . Seven of the 9 patients showed definite ECG changes. On admission, these included sinus tachycardia (44%), PR prolongation (11%), QT c prolongation (22%) and non-specific T-wave changes (66%). Post-intoxication ECGs were available for 4 of the 9 patients, all of which demonstrated normalization of intervals and resolution of T-wave changes.
Patients with severe metabolic acidosis showed more significant ECG changes. Patient number 6 presented with a pH of 6.91 and his ECG (Fig. 1) showed sinus tachycardia (HR = 115 bpm) with peaked T-waves in the precordial leads (V 1 -V 4 ) and the inferior leads. It should be noted, however, that this patient also had a potassium level of 5.9 mmol/L. Patient number 2 presented with a pH of 7.09 and her ECG (Fig. 2) showed sinus tachycardia (HR = = 102 bpm) with T-wave inversion in leads V 1 and V 2 . There was also a mild QT c prolongation (463 ms).
While in hospital, 7 patients required hemodialysis, 3 required mechanical ventilation, 3 developed visual impairment, and 1 died (Table 4) . Patient number 1 also developed a type-1 Brugada pattern while he was concurrently sedated with an infusion of propofol, a sodium channel blocker known to potentially induce Brugada ECG pattern.
Discussion
Methanol intoxication and its possible effects on the cardiac conduction system have been scarcely reported in the literature. One case report documented a patient with methanol overdose that developed right bundle branch block in addition to left anterior fascicular block, paroxysmal atrial fibrillation and increased left ventricular end-diastolic and end-systolic dimensions [6] . In a case series of 8 men with methanol overdose published by Weisberger and Maclaughlin [7] , ECG changes were observed in 7 men and these [8] , described right atrial overload with tall peaked P-waves, clockwise rotation with a shift of transitional zone to the right, and right ventricular strain with tall R-waves in the right precordial leads [8] . The regression of these ECG changes coincided with clinical improvement and suggests that they were caused by methanol poisoning. In our study, clinical improvement and ECG normalization were also noted once methanol intoxication was resolved. However, due to the retrospective nature of the study design, no causality can be established between methanol intoxication and ECG changes. Furthermore, there is some disparity in our results as compared to what has been reported previously in the literature. The study by Cavalli et al. [6] focused on describing the possible relationship between methanol intoxication and cardiac dysfunction. As such, the authors reported some ECG changes as part of the description. They did not look specifically at the relationship between methanol and ECG changes. In other studies [7, 8] , authors did not describe possible confounding variables such as substance co-ingestion, concurrent illnesses, pre-existing cardiac history and use of anti-arrhythmic medications. In the study reported by Weisberger and Maclaughlin [7] , the results of ECG were provided relative to the time of admission with no additional details regarding the methanol level at the time as well as the degree of acidosis. Because of these differences, it is difficult to compare the results of our study with prior series.
ECG changes associated with methanol intoxication have been attributed to formic acid, a metabolite of methanol. A direct correlation between formic acid accumulation and methanol toxicity has been demonstrated [10] , and may lead to increased morbidity and mortality [9] . Many factors can control the rate of formic acid metabolism in humans; the oxidation of formic acid is dependent on hepatic tetrahydrofolate concentrations, which depend on both adequate dietary folic acid and the efficiency with which tetrahydrofolate is regenerated [9] . As such, people with an adequate intake of folic acid may be protected from the toxic effects of formic acid and supplementation of folic acid may play a role in the treatment of methanol intoxication [5] .
There are few hypotheses that attempt to explain the ECG changes observed during methanol intoxication. Methanol and formic acid can decrease the heart rate and the contractility of the myocardium [6] . Since formic acid can inhibit cytochrome oxidase activity in intact mitochondria, it has the potential to cause histotoxic hypoxia if the inhibition occurs at the terminal end of the respiratory chain [5] . The resulting sympathetic changes may trigger pulmonary hypertension and right atrial overload and right ventricular strain [6] .
Although acidosis is well-documented during methanol intoxication, it is unclear whether it is derived from formic acid directly or due to its secondary effects of inducing lactic acidosis [11] . Independent of the etiology of the acidosis, it is well known that metabolic acidosis can lead to various adverse effects to the cardiovascular system. Cardiac contractility and cardiac output are reduced and arterial vasodilation develops, which may contribute to hypotension [12] . In animal models of metabolic acidosis, a predisposition to ventricular arrhythmia is often observed [12] . In 1 animal study with dogs, increased susceptibility of the heart to ventricular fibrillation was found during metabolic acidosis [13] . In another animal study with rats, the authors concluded that acidosis produced a marked decrease in heart rate and an increase in P-R interval with no apparent effect on the duration of the QRS complex [14] .
It is also interesting to note that although acidosis appears to be consistently observed in methanol intoxication, an increase in anion gap or osmolality gap may not be observed consistently throughout the course of methanol intoxication. During the early course of methanol intoxication, a significant anion gap may not be apparent when the serum bicarbonate concentration falls in conjunction with a compensatory increase in the serum chloride concentration [5] . However, as the metabolism of methanol continues, a raised anion gap metabolic acidosis develops [5] . Likewise, the presence of an elevated osmolality gap suggests the presence of significant concentrations of methanol or other alcohols [5] . However, as methanol is metabolized to formic acid, the contribution of formic acid to osmolality gap becomes insignificant as formate is charged and electrically balanced by sodium. Therefore, the osmolality gap does not reflect the severity of methanol poisoning and the absence of the osmolality gap does not exclude the possibility of methanol intoxication [5] .
Some patients did not develop acidosis, specifically patients 3, 7 and 8. Patients 3 and 7 presented to the hospital with relatively low methanol concentrations and neither had a raised anion gap, suggesting that these cases were not
